Introduction {#S0001}
============

Multiple myeloma (MM) is a common hematologic malignancy that rises from cancerous B cells. Unlimited proliferation is the main characteristic of MM cells.[@CIT0001] MM cells continuously produce various antibodies and pro-inflammatory factors, resulting in severe symptoms.[@CIT0002] Recently, bortezomib (BTZ), a proteasome inhibitor, treatment has greatly increased the free survival and overall survival of patients with MM.[@CIT0003] However, intrinsic and acquired resistance to BTZ would occur after several cycles' treatment. Therefore, a new effective drug is urgently required to overcome BTZ resistance.[@CIT0004]

The bioactive substances from traditional Chinese medical herbs have great therapeutic effects in anti-cancer.[@CIT0005] Evodiamine (Evo) is one of the main bioactive components derived from the drying mature fruit of the genus *Evodia rutaecarpa* (Juss.) Benth., which is a traditional Chinese medicine with a hundred years of history.[@CIT0006] Evodiamine has shown anti-cancer activity in several cancers. Evo can induce apoptosis of human hepatocellular carcinoma HepG2, melanoma A375-S2, cervical cancer HeLa and other tumor cells.[@CIT0007]--[@CIT0009] In addition, Evo can cause nuclear translocation factor NF-κB translocation in A375-S2 cells, and suppress PI3K/AKT and activating MAPK in glioma, as well as affect the expression of microRNAs.[@CIT0010]--[@CIT0013] After pretreatment with ubiquitin-proteasome inhibitor MG132, evodiamine caused more A375-S2 cell death. MG132 can increase activate caspase-3 and down-regulate the expression of Bcl-2, suggesting that evodiamine is involved in caspase-induced apoptosis, which can be enhanced by the ubiquitin-proteasome pathway.[@CIT0014] However, the effects and underlying mechanism of Evo on MM remain unknown.

In the present study, we aim to test the cytotoxic role and underlying mechanism of Evo on MM cells. We provided evidence to demonstrate that Evo selectively inhibits cell proliferation and increases apoptosis rate in MM cells through ROS accumulation.

Materials and Methods {#S0002}
=====================

Cell Lines Culture {#S0002-S2001}
------------------

U266 and RPMI8226 were purchased from ATCC (Manassas, USA). Periphery B lymphocytes (HBC) were isolated from peripheral blood donated by healthy individuals of the Third Xiangya Hospital using a human Pan B Cell Isolation Kit (cat no. 130-101-638, Miltenyi Biotec, Somerville, MA, USA) following manufacturer's instructions. All cells were cultured in RPMI-1640 medium supplemented with 10% FBS (fetal bovine serum) (Thermo Fisher Scientific). The blood donors have provided written informed consent. This study was approved by the Ethical Review committee of the Third Xiangya Hospital, Central South University (Changsha, China).

Cell Treatment {#S0002-S2002}
--------------

U266 and RPMI8226 cells treated with Evo (50, 100, 200, 400, 800 μg/mL) for 24 h or treated with 400 μg/mL Evo for different time points (12, 24, 36, 48 h). To evaluate the effects of Evo on bortezomib-induced cell apoptosis and proliferative inhibition, the cells were co-treated with 40 nM bortezomib (cat no. S1013, Selleck, Shanghai, China) for 24 h, and then were plated in 96-well plates at a density of 1000 cells in 100 μL of the aforementioned RPMI-1640+FBS media per well at 37°C with 5% CO~2~.

Measurement of Cell Viability {#S0002-S2003}
-----------------------------

A Cell Counting Kit-8 (Abbkine, USA) was used to measure cell viability after indicated treatment following the manufacturer's instructions. Briefly, 2000 cells were seeded and cultured for 24 h and treated with Evo with or without bortezomib for 24 h. Following further incubation for different time points (12, 24, 36, 48 h), 10 μL CCK-8 reagents were added to each well. OD value was measured by a microplate reader.

Apoptosis Assays {#S0002-S2004}
----------------

TiterTACS In Situ Detection Kit, a TUNEL-based assay (Catalog\#4822-96-K, Trevigen, USA) was used to measure cell apoptosis rate in vitro following the manufacturer's protocol. Briefly, cells were collected after various treatments and then resuspended in Buffered Formaldehyde at 1×10^6^ cells/mL for 7 min. The cells were washed and incubated with a TACS-Sapphire substrate for 30 min. The TACS 2 TdT-DAB was used to measure the percentage of apoptotic cells.

Xenograft Model and Treatment {#S0002-S2005}
-----------------------------

BALB/C nude mice (6-week-old, male) were purchased from the Animal center of Central South University (Changsha, China). Animal experiments were approved by the Ethical Review committee of the Third Xiangya Hospital following the National Research Council's Guide for the Care and Use of Laboratory Animals (Eight Edition). About 2×10^5^ of U266 cells were subcutaneously injected into a mouse. When the tumor volume reached about 150 mm^3^, the mice were injected with Evo (100 mg/kg) or bortezomib (50 mg/kg) by tail vein every 2 days for three times. Bodyweight and xenograft volume were monitored every 2 days. The tumor sizes were measured regularly and calculated using the following formula: 0.5×L×W^2^, where L and W refer to the length and width of the tumor, respectively. The xenograft tumor tissues were obtained at day 20 for further analysis.

Caspase Activity Assay {#S0002-S2006}
----------------------

Caspase 3, 8, 9 Activity Assay Kits (cat no. C1108, C1151, and C1158) were purchased from Beyotime Inc. (Shanghai, China). They were used to measure the activity of caspase-3, −8 and −9 according to the manufacturer's protocol.

Western Blot {#S0002-S2007}
------------

The tissues or cells were lysed in RIPA buffer. Antibodies for detecting Bax (cat no. 5023, 1:1000, Cell Signaling Technology), Bcl2 (cat no. 15071, 1:1000, Cell Signaling Technology), active Caspase-3 (cat no. 9664, 1:1000, Cell Signaling Technology), MCL-1 (cat no. 94296, 1:1000, Cell Signaling Technology), and GAPDH (cat no. 5174, 1:2000, Cell Signaling Technology) were applied according to the manufacturer's protocol. A cytochrome c release assay kit (GeneTex, Irvine, CA, USA) was used for measuring cytochrome C expression according to the manufacturer's protocol. Cells were homogenized and separated into cytosol and mitochondria extraction. Western blotting was performed to detect the release of Cytochrome c by using the cytochrome c antibody provided in the kit. Semi-quantification of Western blot bands was analyzed using Image J software.

Mitochondrial Membrane Potential Assay {#S0002-S2008}
--------------------------------------

A tetramethylrhodamine ethyl ester (TMRE)-mitochondrial membrane potential assay kit (cat no. 701310, Ann Arbor, Michigan, USA) was used for Mitochondrial membrane potential detection according to the manufacturer's protocol. Cells were incubated with 100μM TMRE working solution at 37°C for 30 min. TMRE staining was analyzed using a fluorescence plate reader (Excitation/Emission=530/580 nm).

Reactive Oxygen Species (ROS) Measurement {#S0002-S2009}
-----------------------------------------

A reactive oxygen species assay kit (Cat No. A057, FulenGen Co., Ltd, Guangzhou, China) was used for cellular ROS level detection according to the manufacturer's protocol.

Statistical Analysis {#S0002-S2010}
--------------------

Data were expressed as mean ± SD. Graphpad Prism Software (Ver.8) was used for data analysis. Multiple comparison was performed using one-way analysis of variance with post hoc Tukey's test. p \< 0.05 is considered as significance.

Results {#S0003}
=======

Evo Treatment Inhibits Cell Growth in MM Cells {#S0003-S2001}
----------------------------------------------

Two MM cell lines (U266 and RPMI8226) and HBC were used to investigate the role of Evo on MM cells. Various concentrations of Evo were added into the culture medium and incubated for 24 h, and then the cell viability was detected. Evo treatment downregulated U266 and RPMI8226 cell viability in a dose-dependent manner. There were no significant effects on HBC after Evo treatment ([Figure 1A](#F0001){ref-type="fig"}). Additionally, treatment of Evo (400 μg/mL) inhibited cell viability of U266 and RPMI8226 cells in a time-dependent manner, and Evo treatment did not influence the viability of HBC ([Figure 1B](#F0001){ref-type="fig"}). Evo also dramatically increased cell apoptosis rate in U266 and RPMI8226 cells in time and dose-dependent manner ([Figure 1C](#F0001){ref-type="fig"}).Figure 1Evo treatment suppresses multiple myeloma cell growth in vitro and in vivo. (**A**) Cell viability of MM cells and healthy B lymphocytes (HBC) isolated from donor after various concentrations of Evo treatment for 24 hrs. Data were normalized to the untreated group. (**B**) Cell survival of U266, RPMI8226 or HBC after Evo treatment (400 μg/mL) for the indicated time. (**C**) Cell apoptosis in U266 and RPMI8226 cells after indicated treatment. Data were normalized to the untreated group. (**D**) Xenograft tumor volume change after indicated treatment. (**E**) Distribution of mice bodyweight during treatment. (**F**) IHC detecting the TUNEL expression in Xenograft tumor tissues (upper), and quantification (lower). Scale Bar=100 μm. (**G**) Western blot detecting Bax and Bcl-2 protein expression level in Xenograft tumor (upper), and quantification (lower). \*p \< 0.05; \*\*p \< 0.01.

Furthermore, we found that Evo treatment (400 mg/kg) significantly suppressed tumor growth in vivo ([Figure 1D](#F0001){ref-type="fig"}); however, Evo treatment did not affect the xenografted mice body weight, suggesting that Evo treatment had no significant toxic to these mice ([Figure 1E](#F0001){ref-type="fig"}). TUNEL expression was significantly increased ([Figure 1F](#F0001){ref-type="fig"}). In addition, the Bax expression was increased, while Bcl2 expression was reduced by Evo treatment in tumor tissues ([Figure 1G](#F0001){ref-type="fig"}), indicating that Evo treatment leads to a significant increase in cell apoptosis in xenograft tumor. These evidences indicate that Evo treatment could inhibit MM cell growth in vitro and in vivo.

Evo Treatment Inhibits MM Cell Growth by Activating the Intrinsic Mitochondria Apoptosis Pathway {#S0003-S2002}
------------------------------------------------------------------------------------------------

To determine whether Evo induced apoptosis is associated with intrinsic apoptosis pathway, we treated U266 and RPMI8226 cells with different concentrations of Evo for 24 h and measured the caspase-3, −8 and −9 activity. Our results demonstrated that Evo treatment significantly activated caspase-3 and −9, while only moderate influence on caspase-8 activity when Evo treatment at a high concentration ([Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}). In addition, Evo treatment dramatically increased the expression of active caspase3 and Bax, while reduced the expression of Bcl2, suggesting a significant increase in cell apoptosis ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}).Figure 2Evo treatment activated the intrinsic apoptosis pathway in multiple myeloma cells. (**A**--**C**) Analysis of caspase-9, −8 and −3 activities in U266 and RPMI8226 after EVO treatment (200, 400 μg/mL) for 24 hrs. Caspase activity was measured by the relative fluorescent units (RFU) of cleaved substrates. (**D**) Western blot detecting active caspase 3, Bax and Bcl-2 protein expression level in U266 and RPMI8226 after EVO treatment (200, 400 μg/mL) for 24 hrs. (**E**) Quantification of the western bands in (**D**). \*p \< 0.05.

Furthermore, we determined the release of Cytochrome C from mitochondria to cytosol. We found that Evo treatment upregulated cytochrome C levels in cytosol and decreased its levels in mitochondria in U266 and RPMI8226 cells in a dose-dependent manner ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}), suggesting that Evo treatment increased the release of mitochondrial cytochrome C from mitochondria into cytosol. In addition, we observed that Evo treatment also accordingly decreased TMRE in U266 and RPMI8226 cells ([Figure 3D](#F0003){ref-type="fig"}).Figure 3Evo-induced apoptosis was mediated by mitochondria. (**A**) Cytosolic and mitochondrial cytochrome C expression level in U266 and RPMI8226 after Evo treatment (200, 400 μg/mL) for 24 hrs. (**B**) Quantification of the western bands of cytosolic and mitochondrial cytochrome C expression level in U266 in (**A**). (**C**) Quantification of the western bands of cytosolic and mitochondrial cytochrome C expression level in RPMI8226 in (**A**). (**D**) Mitochondrial membrane potential of U266 and RPMI8226 after Evo treatment (200, 400 μg/mL) for 24 hrs. (**E**) Cells were treated with Evo (200, 400 μg/mL) for 24 hrs with or without 20 μM MitoTEMPO. Cell apoptosis was determined after treatment in two U266 and RPMI8226 cells. (**F**) ROS production was determined after treatment in two U266 and RPMI8226 cells. \*p \< 0.05.

We next detected general ROS production, which could activate intrinsic mitochondria apoptosis pathway, in MM cells after Evo treatment. We found that Evo treatment dramatically upregulated cell apoptosis and ROS levels in U266 and RPMI8226 cells, which can be significantly abolished by MitoTEMPO cotreatment ([Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}). These results suggest that the cytotoxicity of Evo was associated with mitochondrial superoxide production. Thus, we inferred that Evo treatment selectively induces MM cells' apoptosis but not HBC through intrinsic apoptosis pathway by accumulating ROS production.

Evo Enhances Bortezomib Effects on Multiple Myeloma {#S0003-S2003}
---------------------------------------------------

Required resistance to bortezomib in MM cells may result in relapse. We next tested whether Evo could synergize with bortezomib in MM cells. We treated U266 and RPMI8226 cells with bortezomib alone, or together with Evo, and found a more potently reduction in cell viability and a higher apoptosis than that bortezomib single treatment ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). In addition, we also confirmed that combination of bortezomib with Evo significantly reduced xenograft tumor volume ([Figure 4C](#F0004){ref-type="fig"}). The increased expression of active caspase-3 and Bax, and the decreased levels of Bcl-2 and Mcl-1 revealed more apoptotic cells in tumor ([Figure 4D](#F0004){ref-type="fig"}). These evidences strongly indicated that Evo could enhance bortezomib effects on MM cells.Figure 4Evo synergized with bortezomib against multiple myeloma. (**A**) Cells were treated with bortezomib (Bort, 40 nM) or con-treated with Evo at indicated concentrations. Cell viability in U266 and RPMI8226 cells after indicated treatment for 24 hrs. (**B**) Cell apoptosis in U266 and RPMI8226 cells after indicated treatment for 24 hrs. (**C**) xenograft tumor-bearing mice were injected with bortezomib (50 mg/kg) or co-injected with Evo (100 mg/kg). Xenograft tumor volume change after indicated treatment. (**D**) Western blot detecting active caspase-3, Bax, Bcl-2, and MCL-1 protein expression level in Xenograft tumor and quantification. \*p \< 0.05; \*\*p \< 0.01.

Discussion {#S0004}
==========

Evodiae Fructus (EF) is listed in the China Pharmacopoeia (2010 edition). EF is the nearly ripe fruits of Evodia rutaecarpa (Juss.) Benth. var. bodinieri (Dode), which has anti-inflammatory, anti-microbial, and anti-hypertensive properties.[@CIT0015] A number of researches also reports anti-cancer activity of Evo in East Asian and Western researchers. Hu reported that evodiamine inhibits hepatocellular carcinoma cells growth in vivo and in vitro through a WWOX-dependent pathway and inducing Akt-mediated apoptosis.[@CIT0016],[@CIT0017] Chen revealed that Evo inhibits the ovarian cancer cells viability through disruption of mitochondrial membrane potential.[@CIT0018] Previous studies indicate that Evo can suppress various cancer cell growth, such as lung cancer, oral cancer, and urothelial cell carcinoma, which is associated with the ROS accumulation and disruption of mitochondrial membrane potential.[@CIT0019]--[@CIT0021] In hematopoietic malignances, Evo also exhibits anti-cancer effect on K562, U937 cells, and T-lymphocytes,[@CIT0022]--[@CIT0024] but the effects and underlying mechanisms on MM remain unknown. In this study, we at the first time investigate the anti-cancer activity of Evo on MM cells. We found that Evo selectively inhibits MM cell growth in both time and dose-dependent manner.

ROS accumulation is a stress signal, which can cause mitochondrial membrane permeabilization, leading to disruption of mitochondrial membrane potential. This disruption leads to activation of intrinsic apoptosis pathway after cytochrome C release into the cytosol.[@CIT0025] In the present study, we demonstrated that Evo induced apoptosis through the intrinsic apoptosis pathway in MM cells by increasing ROS production.

Malignant cells generally produce more mitochondria ROS than non-malignant cells to maintain redox homeostasis. In addition, antioxidant molecules and thioredoxin reductase are upregulated in MM, which is correlated with tumor proliferation and chemoresistance.[@CIT0026] Inhibition of thioredoxin reductase significantly inhibited myeloma cell proliferation by regulating HO-1 in a ROS-dependent manner via the Nrf2 signaling pathway. These findings suggest that combination targeting multiple antioxidant systems with other therapeutics will improve therapeutic effectives for patients with MM.[@CIT0027] Previous study demonstrated that the bortezomib-induced apoptosis was via thioredoxin reductase inhibition; rescue of thioredoxin reductase 2 conferred MM cell resistance to bortezomib accompany with ROS accumulation decrease.[@CIT0028] Bortezomib, a proteasome inhibitor, prolongs activation of ER stress signaling and increased ROS production, finally leading to cell apoptosis.[@CIT0029] In this study, we revealed that Evo enhanced the effects of Bortezomib on inhibiting MM cell growth. However, we are not clear the pathway that Evo achieved these effects. Further investigation needs to illustrate these questions.

In summary, we provide evidence that Evo has selective cytotoxicity in MM cells based on its mitochondrial ROS-inducing activity. Application of Evo and bortezomib might enhance the anti-cancer effect on MM cells.
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